Ultrasonic Additive Manufacturing (UAM) is a hybrid manufacturing process that involves the layer-by-layer ultrasonic welding of metal foils in the solid state with periodic CNC machining to achieve the desired 3D shape. UAM enables the fabrication of metal smart structures, because it allows the embedding of various components into the metal matrix, due to the high degree of plastic metal flow and the relatively low temperatures encountered during the layer bonding process. To further the embedding capabilities of UAM, in this paper we examine the ultrasonic welding of aluminium foils with features machined prior to bonding. These pre-machined features can be stacked layer-by-layer to create pockets for the accommodation of fragile components, such as electronic circuitry, prior to encapsulation. This manufacturing approach transforms UAM into a "form-thenbond" process. By studying the deformation of aluminium foils during UAM, a statistical model was developed that allowed the prediction of the final location, dimensions and tolerances of pre-machined features for a set of UAM process parameters. The predictive power of the model was demonstrated by designing a cavity to accommodate an electronic component (i.e. a surface mount resistor) prior to its encapsulation within the metal matrix. We also further emphasised the importance of the tensioning force in the UAM process. The current work paves the way for the creation of a novel system for the fabrication of three-dimensional electronic circuits embedded into an additively manufactured complex metal composite.
Introduction
Ultrasonic Additive Manufacturing (UAM) is a hybrid sheet lamination/Computer Numerical Control (CNC) manufacturing process. UAM utilizes Ultrasonic Welding (UW) to bond thin metal foils in a layer-by-layer fashion and periodic CNC machining to create the desired 3D shape. The technology was first introduced by White [1] under the name of Ultrasonic Consolidation. During the bonding step, a cylindrical textured machine tool, called the sonotrode, is pressed at a constant normal force against the metal foil, which is kept in place via a clamping or tensioning mechanism. The sonotrode rolls over the foil while oscillating at a constant frequency of approx. 20 kHz perpendicular to the direction of travel (see Fig. 1 ). This results in the creation of a solid state bond between the interfaces of the foil and the metallic substrate. The process is then repeated until the desired height is reached.
The quality of bonding during UAM depends on multiple processing and material parameters, however, the three main process parameters are the sonotrode's amplitude of oscillation [μm] , the sonotrode exerted normal force [N] , and the linear speed [mm/s] of the sonotrode. The effect of each of these processing parameters was closely examined for the first time by Kong et al. [2] , who identified that an optimum set exists past which degradation of the previously formed bonds occurs. More recent studies by Hopkins et al. [3] and Wolcott et al. [4] identified the amplitude and weld speed as the most significant parameters for creating high-quality bonds in UAM of aluminium alloys.
Bonding in UAM occurs at a relatively low temperature. This was measured by Kelly et al. [5] using an infrared camera and higher amplitudes of oscillation (> 25 μm) and Schick et al. [6] and Sriraman et al. [7] by embedding thermocouples in the foil-foil interface at lower amplitudes (< 25 μm). All three studies reported a peak temperature considerably lower than the melting point of aluminium (under 250°C in the first case and less than 100°C in the later cases) that dissipates rapidly away from the bonding interface. Moreover, a relatively high degree of plastic metal flow is induced during ultrasonic bonding, which has been studied extensively by Kong et al. [8] and Yang et al. [9] using different machine setups. Both researchers concluded that an increase in the amplitude of oscillations promotes the plastic metal flow due to mechanisms, such as the acoustic softening phenomenon.
These unique properties of UAM have been exploited in the past allowing the embedding of various electronic structures into a metal matrix. For example, Li et al. [10] reported the embedding of printed electronic pathways directly between the aluminium foil interfaces and Siggard et al. [11] and Robinson et al. [12] encapsulated pre-packed electronic circuitry and printed electronic pathways respectively in CNC machined substrate pockets. Moreover, metal matrix composites have been successfully manufactured using UAM. For example, Kong and Soar [13] have successfully embedded polymer-coated and uncoated optical fibres in an aluminium matrix, while similar work has been carried out by Monaghan et al. [14] and Mou et al. [15] for embedding metal-coated optical fibres and Bragg fibres respectively. Shape memory alloy fibres have been embedded in aluminium using UAM by Friel and Harris [16] and Hahnlen and Dapino [17] fabricated an active metal matrix composite in a similar fashion using NiTi fibres. In each of the aforementioned studies, the researchers reported good functionality of the embedded components and very good bond strength in the welded interfaces of the metal foils and thus UAM is considered an enabler for the fabrication of smart metal structures.
After UAM bonding several layers, a CNC machining step is introduced to give the desired form to the bonded metal foils. The cycle of bonding metal foils onto the previously fabricated and formed part and machining the newly bonded layers to shape is repeated until the part is complete. For this reason, Gibson et al. [18] categorised UAM as a "bond-then-form" process in their review of the sheet lamination technologies.
An alternative methodology for creating 3D objects through a sheet lamination process is the "form-then-bond" approach [18] . In this approach, the desired shape is given to each layer (e.g. via razor cutting, or laser machining) prior to bonding it to the previously fabricated part. This enables the creation of structures with internal features and channels, which are more difficult to manufacture with a bond-thenform methodology. The benefits of this approach have been demonstrated by Cawley et al. [19] , who successfully manufactured functional ceramic components and microfluidic devices using the ComputerAided Manufacturing of Laminated Engineering Materials (CAM-LEM) method, and by Thabourey et al. [20] , who developed a methodology for the manufacturing of die casting moulds with internal cooling channels.
UAM has previously been shown capable of embedding electronic components such as sensors and antennas as shown by Siggard et al. [11] and Robinson et al. [12] respectively. Moreover, 2D printed electronic pathways were embedded directly between the foil-foil interfaces by Li et al. [10] . However, new more compact electronic designs rely on a 3D architecture with vertical vias connecting each layer electrically. Traditional UAM requires milling or drilling to connect subsequent layers, which can risk damaging underlying electronic components. Moreover, metal chips and lubricant can create short circuits. On the other hand, the form-then-bond method allows for prefabricated vias with no need for further post-processing. A form-thenbond approach would also enable the preparation or pre-treatment (chemical, mechanical or other) of the metal foils prior to bonding. For example, the planar surfaces of aluminium foils and the vertical inner walls of machined features on these foils could be selectively anodized prior to bonding. This way an electrically insulating layer is created onto which planar and vertical electronic interconnects can be deposited and then embedded in creating 3D electronic circuits. This method was examined in a previous article by the author [21] , demonstrating its feasibility and limitations, as well as the effect of the ultrasonic power on the resistivity of printed conductive materials [37] . Alternatively, printed electronic interconnects and other electronic circuits (e.g. RFID antennae) could be deposited or attached to the surface of an aluminium foil prior to UAM, which could then be bonded onto a metal substrate, encapsulating the circuit. These novel approaches could provide greater manufacturing capabilities for embedding electronics into a metal matrix and produce components that have direct applications into growing industries, such as the Internet of Things.
By taking advantage of the benefits of the form-then-bond approach, the authors have envisioned an alteration to the traditional UAM manufacturing process, which is illustrated schematically in Fig. 2 . In this example, we focus on the embedding of electronics, but the same approach could be applied to other fields, such as the fabrication of microfluidic or thermal management devices. In the proposed process, aluminium foils are first machined (using e.g. milling, razor or water-jet cutting or punching) and then bonded using UAM. The pre-machined features are stacked layer-by-layer to create cavities and channels to accommodate pre-packaged electronic circuitry or printed electronic interconnects. The foils can also be altered prior to bonding using any of the methods mentioned in the previous paragraph. The process of manufacturing the external contour of the part, as well as the layers below and above the embedded circuitry, remain the same as in traditional UAM. This method can be advantageous compared to previous attempts to embed electronics using UAM due to the possibility of prefabricating electronic circuits onto the surface metal foil prior to bonding/embedding and the relative flexibility of creating 3-dimensional electronics, with vertical interconnects. Also, this method can facilitate the miniaturization of the embedded structures, resulting in the improved mechanical performance of the manufactured metal part. Miniaturization in this case is beneficial in two ways. Firstly, the embedded structures act as stress concentrators in the metal matrix. The effect of the size and position of the inserts in the overall mechanical performance of the part was studied by Dumstorff et al. [22] , who concluded that technologies that allow minimal invasive embedding are to be preferred. Secondly, weld recovery over substrates of reduced stiffness or voids is a common phenomenon in UAM which was reported by Robinson et al. [12] and studied in depth by Swank and Stucker [23] . Reducing the dimensions of the footprint of the embedded electronic structures reduces the total partially supported area and therefore promotes the creation of high quality bonds.
The main challenge to be overcome in order for UAM to be used with the form-then-bond approach is the prediction of the final dimensions and location of the machined feature after welding (see Fig. 3 ). This is not a trivial task since the elongation of the foil in the direction of welding during the bonding step is relatively large (several mm for every 100 mm of welding). Moreover, UAM is considered by its users as a stochastic process: several parameters are involved in the process that is very difficult to model or control (e.g. the roughness of the sonotrode's texture which is transferred onto the foil during ultrasonic welding). For this reason, the main goal of this study was to evaluate the compatibility of UAM with the form-then-bond approach in terms of predictability and repeatability and to assess the resulting locational and dimensional tolerances of the manufactured cavities.
In this paper we describe the process followed to create a statistical regression model for the prediction of the displacement, elongation and associated tolerances of pre-machined features on aluminium foils for a certain set of UAM processing parameters. We also demonstrate the predictive power of such a model by creating a cavity for the encapsulation of a standard surface mount resistor into the metal matrix, paving the way for future research on using UAM as a form-then-bond process. The results presented in this investigation should be considered as a proof of concept of this alternative method and as a guide for future development of the capabilities of UAM.
Methods & materials
In this work, the Alpha 2 UAM machine was used (see Fig. 4 ). This is an experimental setup that allows open access to the machine area, which is ideal for research purposes and has been used for numerous studies in the past [10, 14] . It consists of the ultrasonic welder (sonotrode), the anvil, a manual clamp and a pneumatic mechanism for the Fig. 3 . Deformation of metal foils with machined features during UAM. tensioning of the foil. The tension mechanism (MXS6-20 guided cylinder, SMC Pneumatics) applies a constant force to the foil and can travel in the direction of welding to compensate for the foil's deformation (the maximum length of travel is approx. 10 mm). The parameters used in this study are within the usual UAM processing parameters and were assessed for their suitability through extensive preliminary experimentation: 18 μm for the amplitude of oscillation, 1600 N for the normal force, 30 mm/s for the linear speed (see Fig. 1 ). If it is not otherwise specified, a force of 32 N was used for tensioning the foil, as past researchers have determined that this level of the tensioning is sufficient to keep the foil in place during welding. In all experimentation, 100 μm thick and 24 mm wide aluminium Al 3003-H18 foils were used. To prepare the substrates, 2 foils were welded onto a 1.5 mm thick aluminium Al 1050-H14 base plate. The experimental data collection was organised into three stages to simplify the analysis. In the first stage, the elongation of foils without any machined features was studied and modelled as a function of the initial position from the start of welding. In the second and third stages, rectangular shaped slots were machined onto the aluminium foils prior to welding at a set distance from the start and their displacement and deformation were recorded. In the second stage, only the length of these pre-machined features was varied, while in the third stage the width and length were varied, in order to investigate further the role of the initial dimensions of the pre-machined features to their deformation. These three experimental stages are summarised graphically in Fig. 5 .
To study the elongation of foils without any pre-machined features, aluminium foils were marked at regular intervals. A precision blade was used to engrave the foils prior to welding at predetermined nominal locations (i.e. X i,nom = [0, 5, 10, 12.5, 15, 17.5, 20, 25, 35, 45, 55, 65, 75, 85, 95 , 105] mm). These marks were straight lines along the whole width of the foil. Their actual initial position (X i ) was verified using an optical Coordinate Measuring Machine (CMM) (SmartScope Flash 200, Optical Gaging Products Inc., NY). The CMM system is annually calibrated and certified to have an accuracy in the XY plane better or equal to E XY = 2.0 + 6•L/1000 μm where L is in mm. This means that the CMM system provided measurements with an accuracy of better than 3 μm (the maximum distance between features in all three stages was less than 150 mm). The origin of the coordinate system was defined by using as reference the first mark (for the X-axis) and the top edge of the foil (for the Y-axis). For the bonding step, the sonotrode was first placed carefully on the reference mark (start of welding) and then the ultrasonic welding was initiated. The final position of the marks (X f ) was measured with the CMM system and their displacement was calculated (as in ΔX = X f -X i ). A sufficient number of foils was treated and measured this way to ensure statistically significant results (9 samples, plus 3 extra validation runs). The samples were left overnight in a temperature controlled environment of 20°C before any measurements were taken.
In order to gain a deeper understanding of the behaviour of the Alpha 2 UAM machine in the area close to the start of welding, a number of samples were cross-sectioned and examined under the optical microscope. The Linear Welding Density (LWD) -defined by Kong et al. [24] as the fraction of the ultrasonically welded length over the total length of the cross-section-of three samples sectioned along their length was measured on intervals of 1 mm and compared with the LWD of a reference sample (3 cross-sections at distance greater than 40 mm from the start of welding).
For the preparation of the foils of the second and third experimental stages, manual milling with a ⌀1 mm diameter cutting tool was used (Europa Milltech 2000VS, spindle speed 2800 rpm, feed speed < 2 cm/ min, with coolant). Rectangular slots were machined along the centre axis of a stack of five manually clamped foils simultaneously. Lines were engraved on the foils at a distance of 25 mm from the front edge of the pre-machined features. This mark was used for the placement of the sonotrode during bonding and as a reference for the measurements. The location and surface straightness [25] of each edge of the features were recorded prior and after bonding using the CMM system. Using the collected data the displacement, lengthwise and widthwise deformation of the features were calculated (as in Fig. 6 , a typical sample measured with the CMM system and the native Measure-X software after welding is presented. In the same figure, the traced edge is shown and the roughness of the surface of the foil and the edge of the feature due to the textured sonotrode is visible. The automatic line recognition tools of the Measure-X software were used to trace each edge (the software does not specify exactly which algorithms are used).
The width of the features machined onto the aluminium foils for this experimental stage was kept constant at 4.8 mm (or 20% of the width of . By including such a broad range of measurements a deeper understanding of the process was gained. Three foils were prepared and treated for each length.
In the third experimental stage, the effect of the initial dimensions was examined more closely for lengths up to 16.8 mm. In addition, three levels were used for the width of the features (i.e. W i,nom = [2.4, 4.8, 7.2] mm which corresponds to 10%, 20% and 30% of the width of the foil). Preliminary experimentation showed that features with a width larger than 30% of the width of the foil deform very unpredictably during welding, due to the high percentage of missing material, and thus were avoided in this study. A response surface was created using a Doehler D-1 hexagonal design of experiments [26] . Ferreira at al. [27] argued that this experimental design is preferred over other more common designs when the use of different resolutions for the two parameters is desired (e.g. 3 levels for the width and 7 for the length in this case) and because it can be easily expanded by displacing the design towards a promising region, while preserving the runs that had already been performed The nominal initial dimensions of the samples used in this stage are presented in Table 1 . Three repetitions were performed for each of the design points. The CMM system was used to verify the actual dimensions of each sample.
The collected data from the three experimental stages were analysed in Matlab. Linear regression models were fitted to each dataset. These models were then combined into a single predictive model, the validity of which was assessed in two instances. First, the displacement and deformation of pre-machined single layer foils were measured and compared to the predicted values. Then a multilayer structure with an embedded electrical component (i.e. a standard TE Connectivity CRG1206 series surface mount resistors with dimensions of 3.10 × 1.65 × 0.55 mm) was fabricated as an example for using the form-then-bond methodology.
Results & discussion

Stage 1: the elongation of foils without machined features
In the first experimental stage, the elongation of aluminium foils with no machined features was assessed. This was accomplished by measuring with the CMM system the location of thin marks created by a precision blade on the top surface of the foils before (X i ) and after (X f ) UAM bonding and calculating their displacement (as in ΔX = X f -X i ). The marks were measured to be approx. 45 μm wide and 18 μm deep (Talysurf CLI 2000 surface profiling system, Taylor Hobson Ltd). Even though these marks would act as stress raisers, their presence was deemed to have an insignificant effect on the resulting deformation, because (i) the concentration of stresses has a localised effect, [28] and (ii) the intense acoustic softening phenomenon through the volume of the material results in a very high degree of plastic metal flow [8] .
The collected experimental data are presented in Fig. 7 . In the same figure, the deformation of a foil that was processed at the same levels of force and speed (F = 1600 N, S = 30 mm⁄s) but with zero amplitude (A = 0) is shown. A comparison between the collected data from the ultrasonically welded samples and the roll-only sample shows that the deformation is greatly amplified by the presence of the ultrasonic oscillations. In all figures of this study, the error bars represent two times the standard deviation of the collected experimental data (2σ).
A 2nd order linear regression model was fitted to the experimental data (see Appendix, Eq. (A.1). This model was used to predict the mean elongation of the aluminium foils. A 1st order linear model was fitted to the standard deviations of the collected data points (see Appendix Eq. (A.2). This model was used to define the 95% confidence interval for estimating the positional tolerances. Three extra experimental runs were executed for the validation of this model. Both models and the validation runs are presented in Fig. 7 . There was a very good agreement between the fitted model and the experimental data (R 2 = 0.99).
This is evident in the results of the validation runs, which lay well within the 95% confidence intervals. The positional error, expressed as the span of the 95% confidence interval, increases linearly with the increase of the initial position (X i ) (from approx. 0.140 mm for X i = 20 mm to 0.629 mm for X i = 100 mm). This increase cannot be attributed to a measurement error since average straightness of the marks was approx. 0.050 mm and independent of their initial position. A possible explanation involves the accumulation of angular errors [29] . Due to the design of the tensioning mechanism of the UAM system the precise placement of the foil in the desired location and its alignment with the previous layers is difficult. Moreover, due to the large forces encountered during processing, it is possible that the unbonded foil is slightly displaced during welding in the direction of the ultrasonic oscillations (i.e. perpendicular to the direction of travel). These misalignments can cause angular errors, which are enhanced with distance. Nevertheless, the machine setup was intentionally kept unaltered, in order to evaluate the limitations of the current equipment and provide guidance for future improvements.
It is common knowledge among the users of the Alpha 2 UAM machine that the system has a transitional response at the area near the start of welding. This can be confirmed visually by examining the top surface of the welded foil (see Fig. 8a ), as a relationship between the quality of bond and the surface topology of the produced samples has been identified in the past [30, 31] : both research articles provided evidence that connects the presence of areas of unaltered texture with inferior quality bonds. This occurs due to a characteristic behaviour of the Alpha 2 UAM machine that is hard-coded into its controller: the sonotrode begins its linear motion before the amplitude of oscillation reaches the value that is set by the user. In order to quantify the length of the transitional area for the set of UAM parameters used in this study, three samples were cross-sectioned lengthwise and their LWD was compared to a reference sample. The results of this measurement are summarised in Fig. 8b . Although the correlation between LWD and the bond strength has been criticised in the past [32] , in this study the A. Bournias-Varotsis et al.
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lengthwise LWD measurements were used only as an indicator to estimate the distance from the start of welding, after which steady-state ultrasonic welding occurs. It was found that the LWD increases with the distance until it reaches the LWD of the reference sample at approx. 20 mm from the start of welding. This is in accordance with the information gathered through the visual inspection of the samples. For this reason, the pre-machined features used in later stages of this study were placed at a distance of at least 25 mm from the start of welding (i.e. well within the area of steady-state welding).
A key point that has to be made about the experimental results of this section, as well as the results presented throughout this study, is that a particular set of UAM processing parameters (i.e. amplitude, force, speed and temperature) and metals foils with particular characteristics (i.e. material, thickness and width) were examined. The purpose of this investigation was to examine the feasibility of using UAM with the form-then-bond approach and act as a proof-of-concept. The intent of the imposed restrictions was to reduce the number of variables in order to gain a deeper understanding of the process and its limitations. It is expected that the increase of the total energy input (e.g. by increasing the amplitude of oscillations) will result in larger deformation of the metal foil, as was observed during preliminary testing. Moreover, using foils with different material properties or dimensions will result in a different distribution of internal stresses and is expected to have an impact on the observed deformation. Nevertheless, in both the above cases the elongation of the foil during processing is anticipated to follow a similar trend to the that observed in this section response since the underlying governing physical mechanism remains the same.
Stage 2: the deformation of pre-machined features with variable length & the effect of the tensioning force
In the second experimental stage, the displacement of the edges of rectangular pre-machined features along the direction of travel was examined. Slots of various lengths (from 2.4 mm to 40.8 mm) and constant width (4.8 mm or 20% of the width of the foil) were machined along the centre axis of the foils prior to bonding. By measuring the displacement of the front and back edge of these features (see Fig. 2 ), a model to predict their final position and length was created. For all runs, the initial nominal position of the front edge of the feature was kept constant at 25 mm, which is inside the steady-state welding area, as determined in the previous section.
The collected data are presented in Fig. 9 . Similarly to Section 3.1, a 2nd order linear regression model was fitted to the collected data that was used to predict the mean displacement of the edges (see Appendix Eq. (A.3), and a 1st order linear model was used for the estimation of the 95% confidence interval (see Appendix Eq. (A.4). It was deemed correct to use the displacement data of both the front and back edges for the generation of these models since the displacement of the front edge can be interpreted as the displacement of a feature with a length that tends to zero. For comparison, the model generated in Section 3.1 (elongation model) is also plotted in the same figure. A single point falls outside the 95% confidence interval, but there was no experimental reason for this and it was simply considered to be part of the statistical 5% of experiments that will not fall within the 95% confidence interval.
Even though the displacement of the edges of the pre-machined features follows a similar trend to the deformation of the unaltered foil (i.e. 2nd order polynomial for the mean and 1st order for the deviation), there are some important differences. Firstly, the positional error increases at an increased rate. The uncertainty was enhanced due to the presence of the pre-machined features, which lower the stiffness of the foil and adds an additional degree of freedom to the system: in this case, the material can also flow towards the interior of the feature. Secondly, the mean displacement of both front and back edges is significantly higher than the values predicted by the elongation model of Section 3.1. This raised awareness for the importance of the tensioning force, a parameter that has rarely been studied in the past and was not initially included in the model.
A constant tensioning force is applied to the foil during UAM by a pneumatic tensioning mechanism (see Figs. 1 & Figure 4 ). Previous researchers using the Alpha 2 UAM machine have determined empirically that a suitable value for the tensioning force for Al 3003-H18 foils is approx. 32 N. Lower tensioning force produces suboptimal results because it is not sufficient to keep the foil in place during welding. However, by decreasing the cross-sectional area of the foil by 20% and keeping the force constant, the average equivalent internal tension that is applied to the remaining material is increased by 25% (stress concentration factors were not taken into account, as they have a small effect in the process, since they decay exponentially from the peak value [28] . This is illustrated in Fig. 10 . From past work on the modelling of the rolling process [33] , it is known that an increase in the tensioning force (and by extension the internal stresses in the material) decreases the normal force required to achieve a target thickness reduction. In this case, the normal force is kept constant, thus it is expected that the reduction of the thickness of the foils will be increased. The width of the foils before and after UAM bonding was measured using the Talysurf CLI 2000 surface profiling system (3 samples, 10 profiles each) and its increase was negligible (approx. 1%). From the conservation of mass, it was expected that an increased thickness reduction would cause an increase in the elongation of the foil in the longitudinal direction. Thus it was hypothesised that foils with premachined features will behave equivalently to foils without any features that were welded using a higher tensioning force.
To further understand the effect of tensioning force on the elongation of the foils during UAM, additional experimental points were collected and added to the dataset of Section 3.1 to create an enhanced model. Foils were prepared in an identical way as in the previous section and were welded onto a substrate using the highest force the tensioning mechanism could produce (i.e. tensioning force F t, high = 40 N). Nine (9) samples were prepared this way and the new data points were added to the original dataset of the samples treated at a lower force (i.e. F t,low = 32 N). A 2nd order linear regression model was fitted to the means of the new dataset and a 1st order linear model to the standard deviations (see Appendix Eqs. (A.4) and (A.5). A linear relationship was assumed between the tensioning force and the predicted displacement, as only two levels of this parameter were available. In Fig. 11 , the collected data and the predictive model are plotted for the low and high levels of the tensioning force. The positional errors did not change significantly between the different levels of the tensioning force, and they were not added to the graph for simplicity.
As anticipated, the elongation of the foils during UAM increased with the application of a higher tensioning force. Moreover, the mean displacement of the edges of pre-machined features with a width equal to 20% of the width of the foil was in good agreement with the deformation of foils welded using 25% higher tensioning force (i.e. F t = 40 N), as it was predicted by the theoretical analysis. Interestingly, the reduction of the mean layer thickness was independent of the tensioning force (approx. 11.4% measured using the surface profiling system), and the average roughness of the top surface (R a ) of the prepared samples was reduced from 2.96 μm for the low level of the tensioning force to 2.72 μm for the high level.
The important role of the tensioning force in the deformation of the foils during the welding step of the UAM process is one of the key findings of this study. This parameter has often been overlooked in previous studies: most past researchers did not report the level of tension used in their experimentation and it was only implied that sufficient tension was applied to inhibit the movement of the foils during welding. An alternative approach to inhibit movement of the foils during UAM was demonstrated by Schick et al. [34] . In their work, the welding pass was preceded by a tacking pass using lower values for the main UAM processing parameters. This method is considered a standard industrial practice during UAM processing. It should be noted that the elongation of the foil was expected to be lower when lower levels of amplitude and normal force are used, but it was not possible to predict the deformation of the foil during the second pass with the available data. Even though further experimentation is necessary, this investigative analysis highlighted the importance of the tension force in the deformation of the foil.
Stage 3: the deformation of pre-machined features with variable length and width
The deformation of the width and length of pre-machined features was examined in detail in the third experimental stage for dimensions that are most common for electronic components (i.e. up to 16.8 mm for the length and 7.2 mm for the width, as seen in the catalogues of Texas Instruments [35] . Foils with pre-machined features were prepared, welded and measured in an identical fashion as in Section 3.2. The deformation of the width and length of the features were calculated from the experimentally measured data, as in ΔW = |W f -W i | (the width of the features was decreased after welding) and ΔL = L f − L i (see Fig. 5 ). A 2nd order linear regression model was fitted on the collected data of lengthwise and widthwise deformation (see Appendix Eqs. (A.6) and (A.7) respectively). The experimental data and the fitted models are presented in Fig. 12 . An examination of the response surfaces reveals that the deformation of both the length and width of the pre-machined features was higher for features with a larger initial width (W i ). This was in good agreement with the results of Section 3.2. Notably, the mean width reduction for the examined experimental window was approx. 3.5%, which was considerably higher than the width increase of the foil during welding (i.e. approx. 1% as measured in Section 3.2). Moreover, the error span was not included in this figure to improve the visualization of the data. In all cases, the deviation from the predicted value was less than 90 μm.
The dimensional tolerance for the width of the features was determined using the topology data collected during the CMM measurements: the surface straightness of the parallel edges (i.e. the machining error) was measured to be approx. e edge = 0.128 mm. From the propagation of uncertainty, the dimensional error of the width was calculated as e width =
• 2 e edge = 0.181 and was expressed as a tolerance of ± 0.091 mm. This flat tolerance was preferred over the 95% confidence interval which was used in the estimation of the other errors since the span of the latter was smaller than the value of the former. For the estimation of the dimensional tolerance for the length, the positional error of the edge displacement model of Section 3.2 was used. This was because the value of the tolerance calculated this way was larger than the flat tolerance value calculated from the measured machining error of the front and back edges (0.065 mm and 0.085 mm respectively).
Single layer validation
A Matlab script was created to predict the final location, dimensions and tolerances of rectangular pre-machined features by combining the experimental regression models described in the previous sections. This script receives as an input the initial dimensions of the pre-machined feature, as well as its initial distance from the start of welding. It is assumed that a force equal to F t = 32 N is used for tensioning. The final location of the front edge was estimated using the enhanced model of Section 3.2 (Eq. (A.5). The equivalent tensioning force was calculated from the width of the pre-machined feature. The final location of the back edge was estimated using the model of Section 3.2 (Eq. (A.3) , compensating for the differences in the initial location of the feature from the start of welding when necessary. The length deformation was estimated using the results of the two above steps and the width deformation from the model of Section 3.3. (Eq. (A.7) . The associated locational and dimensional errors are estimated from the relevant equations and are combined when necessary using the laws of propagation of uncertainty.
To validate this combined model, three test samples were fabricated. Rectangular slots were machined onto aluminium foils and welded onto a UAM prepared substrate. The location of the features before and after bonding was measured using the CMM system. This resulted in the creation of samples similar to those used for the creation of the model in Section 3.2 (see also Figs. 5 and 6 ). The nominal, measured and predicted dimensions of these features can be found in Table 2 . The initial nominal dimensions were selected, having as a target the fabrication of a cavity for the encapsulation of typical surface mount electronic components.
The measured final location and dimension of all three samples were well within the 95% confidence interval. This suggests that the deformation of pre-machined features can be predicted successfully for a single pre-formed layer bonded via UAM and within the tolerances needed for embedding electronics. The actually measured deviation of the final location and dimensions of the slots was 40%-80% smaller than the predicted error and it was smaller than 50 μm in all cases. In practice such small deviations are unlikely to have a significant impact on the ability to embed electronic components and circuits. Moreover, it is expected that with more precise machining during the forming step, more precise final results can be achieved.
In Table 2 the predicted and actual percentage errors are also presented. These were calculated as the percentage difference between the max./min. predicted by the model value divided by the mean predicted value (in case of the predicted percentage error) and as the percentage difference between the measured and mean predicted value. It can be seen that the predicted error is often overstated, especially for the length. This can be attributed to the relatively large uncertainty associated with the positioning of the foils, which affected the data collection during the creation of the model. The largest actual percentage errors were encountered for the width, which suggests that there is room for improvement. Notably, the absolute error for the width of the features in all cases was less than 50 μm, which is sufficient for most applications.
Multi-layer form-then-bond structure
To create a multilayer form-then-bond structure, foils with premachined features must be stacked layer-by-layer. In this section, the results of the initial investigation towards creating a workflow for using UAM as a form-then-bond process are presented. As an example, a rectangular pocket was manufactured by bonding layer-by-layer six pre-machined foils to accommodate an off-the-shelf SMT resistor (with dimensions 3.10 × 1.65 × 0.55 mm).
For the calculation of the required nominal initial location and dimensions of the pre-machined features, the algorithm of Section 3.4 was expanded. The designed final location and dimensions of the structure were first defined by the user. Then an iterative process was applied until a set of initial nominal values for the location and dimensions of the features on each layer was calculated. This set would produce a structure at the designed location with effective dimensions within a defined margin. A conservative approach was used in the calculations: for each individual layer, the predicted effective final dimensions were defined in such a way so that the resulting feature would have dimensions equal to or larger than the designed dimensions, with a 95% confidence. In other words, the predicted effective final dimensions were defined as the lower limit of the 95% confidence interval to ensure that the electronic component will fit within the fabricated pocket. It was assumed that the deformation of each foil and pre-machined feature were not affected by the previous layers, as the foils were aligned to the substrate. By following this approach, the accumulation of errors was avoided.
Three samples were prepared this way. After six foils with premachined features were bonded onto a UAM fabricated substrate, an SMT resistor was placed in the produced cavity and secured in place with cyanoacrylate adhesive. These foils were manually aligned first on top of each other and then on top of the substrate before bonding and three small indentations were created on the stack in an area that would not deformed during UAM bonding to use as a guide for the alignment. The resistor was finally encapsulated under two additional aluminium foils. For this experiment, no additional electrically insulating material was used to isolate the resistor, since it was not within the scope of the study. The relevant CMM measurements were taken at every stage of the build and a sample was cross-sectioned and examined under an optical microscope. The results of the design process and the CMM measurements of a representative sample are presented in Table 3 . In Fig. 13 , the top view of the sample before encapsulation and the crosssection of the back edge of the structure after encapsulation (i.e. the edge along the length of the feature that exhibited the largest error) are presented.
In all prepared samples, very good positional and dimensional (along the length) accuracy was observed: the centre of the pocket was placed in the designed position with accuracy better than 5% and the effective final length (L f,eff , see Fig. 13 ) was, as expected, larger than the predicted effective length and within the predicted by the model 95% interval (L f pred , = 4.168 ± 0.256). The variation observed in the location of the back edge of the structure can be attributed to user error during the manual alignment of the foils or to errors during the premachining step. Also, the electronic components retained their functionality after embedding. A resistor was removed from one of the prepared samples after embedding and there was no statistically significant difference between the measured resistance and the value specified by the manufacturer. Moreover, no obvious damage in the resistor was visible in the cross sectioned sample.
However, the measured effective final width (W f,eff , see Fig. 13 ) was smaller than the predicted effective value by approx. 15%. The reason for this discrepancy was the introduction of user error during the manual placement and alignment of the foils before welding. This is evident by the equal interlayer displacement of the foils on the edge of the formed pocket and the top edge of the foils, as shown in Fig. 13 , and it was present in all three prepared samples. The alignment error due to manual placement was not taken into account during the generation of the model and it could not be avoided, even though great care was taken during the fabrication of the samples. Nevertheless, the final Table 3 Summary of results of the design process and measurements of a representative multi-layer structure. width of each individual layer after welding was measured by crosssectioning the sample depicted in Fig. 13 along the width and by examining it under an optical microscope. The results lay well within the values predicted by the model, as shown in Table 4 . Notably, the machine setup was intentionally kept unaltered, in order to evaluate the limitations of the current setup and provide guidance for future improvements. A limitation of all form-then-bond technologies is the need for a precision alignment system, as discussed by Gibson et al. [18] in their review of the sheet lamination technologies. The results of this study indicate that future implementations of the form-then-bond approach in UAM will require the design of a mechanism that will allow the precise placement of the pre-formed foils in the XY plane and also relative to the sonotrode. The development of such a mechanism was outside the scope of this initial investigation to understand the deformation characteristics during the UAM process. However, despite the alignment error, we were able to position and encapsulate one of the smallest SMT devices commonly available with an accuracy of ± 60 μm which is comparable to the resolution obtained for printed interconnects. This shows the feasibility of using form-thenbond as a method for integrating electronics in metal components.
Conclusions
In this investigation, the potential use of UAM with the form-thenbond manufacturing approach was examined and confirmed. The elongation characteristics of 100 μm thick Al 3003-H18 foils with and without pre-machined features during the ultrasonic welding step of the UAM process were studied closely and quantified for a set of processing parameters. It was shown that the elongation of the foil and the deformation of the pre-machined features were repeatable and that they follow a 2nd order polynomial law as a function of the distance. Also, it was found that the tensioning force during UAM bonding is of fundamental importance for both the elongation of the foil and the deformation of the pre-machined features. The gathered experimental data was used to create a model for the prediction of the final location, dimensions and associated tolerances of rectangular features. The validation experiments proved that it is possible to successfully use UAM with the form-then-bond approach. The position and dimensions of the fabricated multi-layer structures along the direction of welding were predicted within an accuracy of 5% and 7% respectively. The predictive power of the model increases for structures with larger dimensions because the effect of the machining and alignment errors becomes less prominent. Nevertheless, the developed model should be mainly interpreted as a proof of concept and as a guide for the future development of UAM as a form-then-bond process. Future work must focus on the implementation of a mechanised tensioning system for the precise placement and alignment of the foils prior to UAM bonding. It is expected that the presence of such a system will greatly increase the accuracy of the results and will enable the fabrication of metal components with embedded 3D electronic circuitry. Future work should also focus on expanding the created regression model using alternative materials, process parameters and UAM machine setups. This could be accomplished following a similar methodology as that used for the inclusion of the tensioning force. The amplitude, force and speed are expected to introduce an additionalpossibly linear -parameter to the model. The temperature has been reported in the literature to affect the material in a simillar way as the amplitude [36] . The metal materials used in UAM have overall a similar mechanical behaviour, so it is expected that only a few calibration runs are required to adjust the model for this. The thickness of the foil plays a role to the deformational characteristics of the material and should also be included to the model to create a unified predictive tool. By gathering additional data points, a process map could be created. It is not clear though whether the model can be directly transferred to different UAM systems without callibration, but the overall response of the elongation of the foil during UAM bonding is expected to follow simillar patterns.
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